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The monitoring design component of the overall Monitoring Framework provides
answers to the questions: What site or environment will be monitored? What parameters
will be measured at the site? Where will the measurements be taken? What methods will
be used to collect the data? When and how frequently will the measurements be made?
Since answers to these questions encompass most of the activities people think about in a
monitoring program, some consider monitoring design as the entire process of
implementing a monitoring program, i.e., the entire Monitoring Framework. Here, we
take a more limited view for monitoring design activities. A natural tension exists
between monitoring design, the monitoring objectives, scientific capabilities, and
institutional capabilities (e.g., budgets, personnel). Monitoring objectives guide the
development of the monitoring design. At the same time, the development of the
monitoring design almost always requires clarification and prioritization. The available
budget or personnel capabilities may limit available options for a design to meet the
objectives and, therefore, might require elimination of one or more of the monitoring
objectives. In addition, the monitoring design must be sufficient to enable the planned
data analysis component of the study.

What will be monitored?

Generally, the monitoring objectives specify what site or environment will be monitored.
The objectives may identify a specific waterbody, or location, to be monitored.
Examples are the mixing zone associated with a point source discharge, drinking water
intakes for a community water system, a single lake or reservoir, a specific river reach,
ground water associated with a potentially contaminated site, or a wetland near a new
development. Other monitoring programs may focus on determining the status and
trends for a general class of aquatic resource for a region, state, or the entire nation.
General classes may include streams and rivers, lakes and reservoirs, estuaries and
coastal waters, recreational beach waters, ground water, drinking water sources, and
drinking water intakes. Typically, a monitoring program focuses on only one of the
general classes and may further restrict that class to some subset of interest. For
example, a state may desire a monitoring program for a list of special type of lake, or all
perennial, wadeable streams, rather than all lakes and all streams and rivers within a state.
A community drinking water organization would restrict monitoring to all sources that



contribute to their drinking water system. A national survey of lakes may define a lake to
be any waterbody greater than 1 hectare in area, a depth greater than 1 meter, at least
50% open water, and include natural as well as man-made ponds and reservoirs.

The development of a monitoring design typically requires that the initial monitoring
objective be refined to clarify exactly what will be monitored. The refined definition
must be sufficiently clear to enable any person in the monitoring program to determine if
a specific waterbody is included or excluded from the study. Is the boundary of the
mixing zone clearly defined? What lakes are included in a national lake monitoring
program? Sometimes this is more difficult than we expect. The statistical survey design
literature uses the phrase “target population” to identify explicitly what is to be included
in the study. As an example, Alley (1993) discusses the target populations in designing
regional ground water quality monitoring programs.

What parameters will be measured?

The monitoring objectives are the basis for determining what parameters will be
measured. Many times this is straightforward. For example, the objectives may specify
that a specific chemical, e.g., dioxin, is to be measured within the mixing zone of a point
source discharge. A monitoring objective for a beach may specify that specific bacteria,
such as Escherichia (E-coli) or enterococcus bacteria, must be monitored. Or a lake will
be monitored to determine its trophic state. In this case, several alternative methods are
available to determine the trophic state of a lake. Trophic classifications based on total
phosphorus, continue to be most common; however, the monitoring objectives would
need to be clarified before selecting specifically what needs to be measured to determine
the trophic state.

Section 305(b) of the Clean Water Act requires biennial reports to Congress on the status
and trends of navigable waters that meet water quality standards. The water quality
standards in a state enable a specific set of parameters to be identified as necessary to be
measured. In other situations, the objectives may only say that the condition of the
aquatic resource be determined. Aquatic resources are complex ecosystems and can be
viewed from many alternative perspectives. Assessing condition can depend on
measurement of chemical contaminants, water temperature, in-stream physical habitat,
riparian habitat, sediment contamination, benthic macro-invertebrate community, fish
community, periphyton community, as well as other factors. Certainly, agreement will be
needed on which measurements will constitute the monitoring program’s concept of “the
condition of the aquatic resource.”

The discussion so far has emphasized what is to be measured and did not take the next
step defining how the information is to be quantitatively reported. In some cases, this is
straightforward, as when pH will be reported in pH units or total phosphorus as ug/I.
Nitrate in water may be reported as NO3-N (nitrate as nitrogen) in mg/l. Fish community
data are initially reported as species abundance counts. To relate these data to monitoring
objectives requires specifying one or more quantitative metrics or indices be derived.
One such index is the fish index of biotic integrity (IBI), developed by Karr (1981),
although even this may not be sufficient to define how the IBI is constructed.



Simply defining what parameters are to be measured is not sufficient for developing a
monitoring program to be used for environmental decision making because most
parameters can be monitored using many different techniques. Therefore, we must also
know how the data will be used or in other words know the objectives for the data. Data
quality objectives (DQQO’s) define how accurate we must be when collecting the data and
therefore, what methods can be used to collect the data in the field, and what laboratory
procedures may be required. These topics are covered in the Collect Field and Lab Data
cog.

When and how frequently will the measurements be taken?

Knowing what to measure at a site and how to measure it are essential in designing a
monitoring program. Another important question is “When and how frequently should
and will the measurements be taken?” There are many dimensions that one must consider
when answering this question. When to sample is often determined by the objectives of
the monitoring program. For example, one objective of a program may be to define
phosphorus concentration during fall turnover in a lake or during summer base flow in a
stream. The frequency of data collection should depend on the specific question to be
answered and several factors specific to the parameter being monitored, such as the
expected variability of the parameter, response time of the parameter and the system, how
the parameter fluctuates with season and flow (if we are monitoring streams), variability
and timing of inputs of the parameter, and the magnitude of response one expects or
needs to detect in the parameter (USEPA, 1997).

States are required by USEPA to report on the waters of their state that meet designated
uses, such as supporting aquatic life use. A state standard may specify that pollutant
concentrations may not exceed a limit during an entire monitoring period or more than 10
percent of the time. As stated, the frequency of monitoring is not easily determined. In
practice, states typically monitor monthly or quarterly for pollutants. When biological
measurements are used, it is common to monitor only once during a year. If only a single
measurement is made during a year, when should it be measured? One approach is to
define an index period, for example, during summer lowflow in streams or after fall
overturn in lakes. The index period is not intended to represent annual average
conditions but instead result in a measurement that provides an index on the quality of the
aquatic resource.

Various temporal strategies have been used to collect samples to describe changes in
water quality. These strategies range from basic fixed-period sampling strategies, such as
monthly, to extensive automated sampling techniques. The U.S. Geological Survey’s
national stream quality accounting network (NASQAN) used basic monthly sampling of
streams across the nation for more than 20 years to monitor the water quality at a fixed
set of locations (Smith et. al., 1987). In some cases, even less frequent sampling such as
quarterly or annual sampling has been used by many state agencies to describe annual
conditions. The U.S. Geological Survey’s National Water-Quality Assessment



(NAWQA) Program (Hirsch et al., 1988) typically collects fixed-period monthly samples
supplemented by a few manually collected high-flow samples each year (Gilliom et al.,
1995). Although sampling strategies vary, monitoring programs often have the same
common goals, that being to estimate mean, median, and maximum concentrations and, if
sampling streams, loads of specific water-quality parameters during a specified time
period. With intense sampling, estimating summary concentrations and loads are straight
forward and accurate. However, with less intense sampling, the summary concentrations
may be less accurate and different assumptions and approaches must be used that may
also reduce the accuracy in these estimates.

The approach suggested by the USEPA (1997) to determine the sampling frequency
required to measure a mean concentration to within a specified range relies on the
assumption that there are no major trends, cycles, or patterns in the data. The number of
samples (n) needed to estimate the mean concentration of a constituent within a range E,
with a confidence of a is estimated with Eq. 1 once the variability (s?) in concentrations
is known. The t statistic requires that n is known; therefore, the Z;.a,, statistic is used in
Eqg. 1 instead of the t statistic to obtain an initial estimate of n.

N = (troyzni X s/ E)? (1)

For example, the number of samples to determine a mean phosphorus concentration
within a range + 0.1 mg/L with confidence of 95 % (P < 0.05, ty g5 is approximately 2.1),
with standard deviation of s = 0.2 mg/L would be about 18 samples. This approach,
although commonly used, has been found to underestimate the number of samples
actually needed to obtain a defined confidence level (Kupper and Hafner, 1989). Zar
(1999) suggests a more appropriate approach is to decide the number of samples needed
to determine if a concentration exceeds a given value by as little as 5 given a specific
level of significance (o), and a probability of detecting the difference (B) using Eg. 2. An
initial value of n can again be determined using the Z statistic.

n= 82/82 (ta,n-l, +1:1-B,n-1)2 (2)

In the same example above, the number of samples required to determine with a 90 %
probability at the 0.05 level of significance that a mean total phosphorus concentration
exceeded a criterion by + 0.1 mg/L would be about 47 samples. The above formulae
assume that the data follow a normal distribution, unless the sample size is large (30 to 50
samples). For skewed data, a prior transformation such as the logarithm may be
necessary to approximate a normal distribution.

These approaches rely on the assumption that water quality varies randomly throughout
the year and throughout specific flow regimes; however, water quality in streams does
not follow this behavior. A few studies have been conducted to determine how various
temporal sampling strategies affect the estimated summary concentrations and loads in
streams. Results from these studies can be used to define the appropriate frequency for a
monitoring program. This type of analysis often requires oversampling at the onset of
study to determine how various sampling designs would affect the summary statistics.



Walling and Webb (1981) used hourly suspended sediment data to compare results based
on different fixed period sampling strategies. Robertson (2003) used data from several
extensively sampled streams to examine how various temporal sampling strategies
typically used by agencies affect estimated mean, median, and maximum concentrations,
and annual loads in small streams.

The frequency of monitoring of some studies is based on evaluating compliance with an
issued permit. Some facilities are required to obtain a state point source discharge permit.
The permit may include requirements on the frequency of monitoring. For example, the
permit may state that the concentration of total suspended solids shall not exceed a
monthly average of 30 mg/L, a weekly average of 45 mg/L, or a daily maximum of 90
mg/L. To compute these summary statistics, the specified monitoring frequency is
usually daily to satisfy the requirements. In some situations, a point source discharge
permittee may be required to measure the condition of the receiving waters and sediments
within a mixing zone. The frequency in most of these cases depend on the permit
requirements. Beach monitoring programs can require daily bacteria measurements when
the beach is open to the public.

So far frequency of measurement has focused on the number of measurements within a
year. Frequency across years must also be considered. The frequency of sampling in a
given year determines not only how accurate a mean annual concentration can be
estimated, but it also determines how long it takes to detect a change in water quality.
Parameters with high variability require more frequent sampling to describe mean annual
concentrations and more years of sampling to detect changes in concentration. A typical
long-term monitoring program continues taking measurements at the same frequency
each year; therefore, it is important to consider the variability in water quality and how
long it will take to detect a change in water quality of a specified magnitude prior to
defining the sampling frequency of a monitoring program. Urquhart et. al. (1993, 1998)
illustrate the impact of alternative designs in detecting trends. Financial constraints often
limit the number of samples that can be collected in a given year and therefore often
extend the number of years of data required to detect a change in concentration. An
alternative is to conduct monitoring every several years, e.g., in sediments in an estuary
where the expectation is that concentration changes will occur slowly. Data from the two
different periods are then statistically compared or when sufficient data become available
annual summaries from specified periods are compared. When collecting data every
several years, it is important to consider possible factors that are periodic and may bias
data collected every several years, such as periodic EI Nino events.

Where will measurements be taken?

Site selection is a critical part of the monitoring design. Seldom is it possible to measure
at all locations in a study area, i.e., at all elements/locations in the target population.
What options are available for selecting sites and what governs which option should be
used? The latter depends on a quantitative statement of the monitoring objectives.



In general, a goal in site selection is to obtain a “representative” sample. If the sample is
not representative, then the information produced will not address the monitoring
objectives. The difficulty is that representative means different things to different groups.
In a review of non-scientific, scientific, and statistical literature, Kruskal and Mosteller
(1979a,b,c) found seven alternative definitions for representative that appear to be in
common use. Consequently, it is necessary to be very specific about what is meant by a
representative sample in a monitoring program before an assessment can be made
whether the site selection process is consistent with the objectives.

Sites are often selected to represent large geographic areas. Various approaches have
been used to classify large areas into smaller regions of similar water quality. These
approaches can be subdivided into geographically dependent and geographically
independent approaches. In geographically dependent classification schemes, broad areas
or regions are defined that reflect the geographic distribution of various explanatory
characteristics. Bailey (1976; 1996), Omernik (1987), and Albert (1995) have used
combinations of several environmental characteristics thought to influence ecosystem
functioning (soil type, climate, natural vegetation, land use, land form, etc.) to subdivide
large geographical areas into ecoregions. Geographically independent frameworks are
usually determined by watershed attributes that can be defined independently of a
geographic region. This approach was used to subdivide the United States into
hydrologic landscape regions on the basis of land-surface form, geology, and climate
(D.M. Wolock, U.S. Geological Survey, written commun. 2001) and used by the Army
Corps of Engineers to develop a hydrogeomorphic classification scheme for wetlands
(Brinson 1993). Which ever method is used, it is important that the regionalization
scheme be based on the distribution of the most strongly related environmental factors.
Robertson and Saad (2003) used SPAtial Regression-Tree Analysis (SPARTA) to
determine which environmental characteristics were most statistically important in
describing the distribution of specific water-quality constituents and to delineate areas
with relatively similar potential water quality.

One approach to site selection is to rely on professional judgment to determine where to
sample. For example, it may be desirable to judgmentally locate a site in the receiving
waters at the end of the pipe with the expectation that the maximum concentration will be
located there. If an estimate of the average pollutant concentration within the mixing
zone is required by the objectives, then that site may not be usable in computing that
average. It would be useful in determining if concentrations within the mixing zone are
likely to be above a detection limit. A probability survey design, such as a simple
random sample or systematic sample, would be more appropriate to determine the
average within the mixing zone. The chosen regionalization sheme may be the basis for
defining strata in a probability survey design approach to site selection or for professional
judgment site selection within regions.

A version of professional judgment is a gradient study that investigates the relationship
between a response indicator and one or more stressor indicators. For example, a study
may investigate the influence of agriculture and urban development on pesticide



concentrations in streams in headwater areas. Selecting watersheds to insure a gradient
of percent watershed area developed would be essential for this objective. Particular
watersheds could be selected using existing knowledge on their environmental
characteristics such that those selected are typical watersheds. Alternatively, all
watersheds may be placed in five categories based on percent agricultural use within each
watershed. A stratified random sampling design could then be used to select watersheds
across the gradient. The U.S. Geological Survey’s National Water Quality Assessment
Program (NAWQA) incorporates local knowledge about streams in selecting sites to
meet an objective of understanding relationships between stressors and water quality
(Gilliom et. al. 1995; Helsel 1995).

When selecting sites using existing knowledge it is important to understand the most
important environmental factors that affect the variability in specific water-quality
characteristics. With this information, one can determine an appropriate stratification or
regionalization scheme, such as ecoregions or areas with similar soil types. It is also
important to determine how well the data collected at the selected sites represent the
water quality of the larger areas they were chosen to represent. Robertson (1998)
evaluated the surface-water sampling design used by one study unit of the NAWQA
program by sampling several sites in each of the areas individual sites were selected to
represent and comparing the results from the various sites.

Reference conditions of specific environmental characteristics may be required to aid in
the interpretation of data collected within a study region. A regionalization approach
may first be applied to define sub-regions of similar expected water quality. Reference
conditions at sites that are not subject to disturbance, minimally impacted sites, or pre-
European settlement conditions are determined within each sub-region. In other cases,
conditions that are typical for sites that represent a certain type of impact, such as water
quality in areas with agriculture on clay soils may be of interest

The monitoring objectives may require overall quantitative estimates, such as the percent
of all streams and rivers within a state that meet their designated uses or an average
pollutant concentration in sediments within an estuary. Incorporating some form of
“random selection” to locate sites is necessary to obtain a representative sample. For
example, section 305(b) of the Clean Water Act requires states to estimate the stream
length (or number of lakes or estuarine area) in their state that are impaired. A probability
sample, or survey design, is the only site selection approach available that will produce
quantitative estimates with an accompanying statement of precision (e.g., 95%
confidence intervals). Simple random sample, stratified random sample, and systematic
sample are common survey designs that have been used in monitoring programs. A
simple random sample of all lakes in a state can be achieved by creating a list of all the
lakes and using a random sampling algorithm to select a sample of lakes. The monitoring
objectives may specify that estimates must be made for four subregions of a state or for a
set of special interest lakes as well as all other lakes. The list of lakes is then separated
into multiple lists (i.e., strata) and a simple random sample selected within each stratum
to obtain a stratified random sample. For example, the U.S. EPA’s Environmental
Monitoring and Assessment Program (EMAP) in a study of lakes in the northeastern



United States selected lakes using a probability survey design that stratified by lake area
(Larsen et. al. 1994).

States are increasing their use of probability survey designs as integral components of
their monitoring programs, particularly for streams and rivers. The Consolidated
Assessment and Listing Methodology prepared by the US EPA Office of Water
(http://www.epa.gov/owow/monitoring/calm.html) discusses the use of probability
survey designs for monitoring the quality of water in states. Further information on
probability sampling applied to aquatic resources is available at
http://www.epa.gov/nheerl/arm/.

Aquatic resources are integral parts of the spatial environment in which they exist. As
such, geographic information systems (GIS) should be utilized in the monitoring design
process, particularly site selection. GIS coverages, such as contained in the National
Hydrologic Database (NHD) (http://nhd.usgs.gov/), can be used as a representation of the
target population to be sampled. Computer programs are available that use NHD
coverages, monitoring design specifications, and complete site selection using a
probability survey design.

Implementing a monitoring design

Knowing what will be monitored, what will be measured, when and how frequently it
will be measured, and where it will be measured, are all essential elements of a
monitoring design. However, knowing this information may not be adequate for others to
implement the monitoring program. Documenting the design, including rationale for
decisions, is also critical when the design is implemented and when the data that are
collected are used by others. The Develop Monitoring Objective cog and the Design
Monitoring Program cog information must be consistent and detailed. When
documenting the objectives, a two-tier approach is likely to be useful. The first tier gives
the objectives as they might appear in an overview presentation of the monitoring
program, being as specific as possible and being constrained by length. The second tier
gives very specific, detailed, quantitative restatements of the objectives that are necessary
for the monitoring design process.

Once the monitoring design is used to select sites, a plan must be developed to visit the
sites and collect the agreed upon measurements. A typical situation is that all that is
known about a selected site is its geographic location and environmental characteristics.
To access the site and enable sampling to be conducted may require landownership be
determined and permission granted before a visit to the site. Some states have a legal
requirement for landowners to give written permission before access is granted. A well
thought out protocol for how to contact landowners, what information to provide them,
and how to follow-up with landowners can significantly increase the likelihood of a
landowner granting access. A logistical plan may be necessary to increase the efficiency
of visiting sites.


http://www.epa.gov/owow/monitoring/calm.html
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Before field work begins, some type of quality assurance project plan (QAPP) should be
developed. The content of the plan will reflect all components of the Monitoring
Framework. Details on field crew training, field measurement protocols, shipping and
sample handling, laboratory analysis protocols, and data management are essential topics
to be covered in the plans. Most important is that the quality assurance plan become an
active, living document that is a routine part of the monitoring program. Many projects
funded by the USEPA require and approved QAPP prior to starting the project.
Guidelines for such plans are available from US EPA’s Quality System web site
(http://www.epa.gov/quality/index.html). The content of the plans will reflect all
components of the Monitoring Framework.

Summary

The monitoring design cog can not be considered in isolation of other cogs in the
monitoring framework. For example, the objectives of a monitoring program govern the
monitoring design and at the same time the monitoring design forces clarification of the
monitoring objectives. Assessing and interpretating the resulting data must be matched
to the monitoring design. Designing a monitoring program is a team and an iterative
process that involves all the cogs of the monitoring framework.
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